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Research Paper

Angie Lee1,†
Michelle R. Lum1,†
Ann M. Hirsch1,2,*

Several nonnodulating, nonmycorrhizal (Nod-Myc-) mutants of Melilotus alba Desr.
(white sweetclover) have been described. However, the details of their responses to
Sinorhizobium meliloti have not been fully elucidated. We investigated rhizobial entry
and colonization using Confocal Scanning Laser Microscopy on the Masym1-5 mutants
and isolated an early nodulin (ENOD40) gene from wild-type M. alba. We focused on
Masym3, the least responsive of the mutants to S. meliloti and VA-fungi, to determine
its response to cytokinin. Cytokinin appears to be a downstream signal in the nodule
developmental pathway based not only on our previous observations whereby Nod-Mycalfalfa roots treated with cytokinin accumulated several ENOD gene transcripts, but also
on recent reports showing the importance of cytokinin receptors for nodulation. Here we
show that applying 10-6 M 6-benzylaminopurine to uninoculated Masym3 roots elicited
ENOD40 transcript accumulation. In addition, Masym3 root hairs inoculated with either
wild-type S. meliloti or Nod- S. meliloti expressing the trans-zeatin synthase gene of
Agrobacterium tumefaciens exhibited tip swelling, suggesting that cytokinin mediated
this response. However, Masym3 root hair tips swelled following inoculation with NodS. meliloti or after mock-inoculation, a response resembling the phenotype of root hairs,
after handling, of the Medicago truncatula mutant, dmi2. Mtdmi2 is Nod-Myc- due to a
defect in a gene encoding a Nodule Receptor Kinase (NORK). Like Mtdmi2, the root hair
swelling response appears in part to be mediated by touch because Masym3 root hairs
not contacted by either bacteria or drops of water or buffer remain elongated and do
not exhibit tip swelling.
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ENOD40 Gene Expression and Cytokinin Responses in the Nonnodulating,
Nonmycorrhizal (Nod-Myc-) Mutant, Masym3, of Melilotus alba Desr.

www.landesbioscience.com

Recognition and specificity in the Rhizobium-legume symbiosis, in which Gram-negative
rhizobia provide fixed nitrogen to a host legume, and in return, the legume provides
carbon-containing molecules, has been the topic of numerous investigations in part
because of the tight host-specificity that is frequently exhibited in this plant-microbe
interaction. The symbionts recognize each other even before their first physical encounter,
through the exchange of species-specific molecular signals. Plant-derived molecules, such as
flavonoids, are released into the rhizosphere and are believed to serve as chemoattractants to
nodulation-competent rhizobia.1 Flavonoids also induce rhizobial nod genes. For example,
the flavone luteolin is one of several inducers of Sinorhizobium meliloti nod genes.2 Once
the nod genes are induced, their products are involved in the synthesis of an oligomeric
chitolipooligosaccharide signal molecule known as Nod factor, which, depending on the
different substitutions on the reducing or nonreducing end of the Nod factor molecule,
is species-specific.3,4 This specificity mediates interactions with a particular host, e.g.,
Sinorhizobium meliloti nodulates species of Medicago and Melilotus, but not of Trifolium.3
The host-appropriate Nod factor is active at picomolar concentrations and triggers many
cellular and developmental responses in the plant, including calcium spiking in root hair
cells and root hair deformation responses that occur prior to nodule initiation.5,6 The fact
that Nod factors are perceived at such low concentrations strongly suggests that specific
proteins in the host roots function as Nod factor-specific receptors.
The study of nonnodulating (Nod-) mutants in several legume hosts has led to
the cloning and identification of potential receptors for Nod factor and downstream
signaling components. An early pathway gene that was identified in alfalfa was MsNORK
(Nodule-Receptor Kinase), called LjSYMRK (Symbiotic Receptor Kinase) in Lotus japonicus,
both of which were shown to encode leucine-rich repeat receptor kinases.7,8 Pisum sativum
Plant Signaling & Behavior
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by mycorrhizal fungi.32 RNAi experiments in Lotus japonicus demonstrated that ENOD40 knockdown inhibited nodule primordium
development, but not rhizobial infection.33 A similar reduction
in nodule formation was found for alfalfa transgenic plants with
reduced ENOD40 levels brought about by cosuppression.28
Earlier, we showed that when an alfalfa Nod- mutant (mutated in
MsNORK/MtDMI2) was treated with the cytokinin 6-benzylaminopurine, ENOD40 gene expression was up-regulated, demonstrating
that application of this phytohormone could bypass the Nod
factor-triggered signal transduction pathway.31 Based on these results,
we proposed that cytokinin-induced ENOD40 gene expression is
downstream of Nod factor perception. Furthermore, in wild-type
indeterminate nodule-forming legumes, we proposed that Nod factor
perception is the stimulus that results in altered hormone ratios,
which serve to trigger ENOD gene expression, in the responding
plant tissues.31 The mechanism whereby this proposed change in
hormone balance is established, however, is unknown.
In this report, we examined the root colonization and infection
thread penetration phenotypes of the Masym1-5 mutants in greater
detail because these parameters had not been thoroughly analyzed
previously.24 Also, we investigated the extent of ENOD40 gene
expression in the different mutants in response to inoculation with
wild-type S. meliloti after isolating the homologous ENOD40 from
M. alba. We then focused on the least responsive of these mutants,
Masym3, which is completely unresponsive to either the rhizobial
or AM fungal symbiont,24,25 suggesting it could be the M. alba line
that is mutated in a MtDMI1, MtDMI2, or MtDMI3 ortholog. We
hypothesized that Masym3, like the alfalfa Nod-Myc- mutants, would
be responsive to a downstream signaling molecule, namely cytokinin,
and thus MaSYM3, like one of the MtDMI genes, encodes a product
that acts upstream of this signaling event.
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PsSYM19 and Medicago truncatula MtDMI2 are orthologous genes.7
Mutations in these genes result in a nonnodulating (Nod-) phenotype
with a concomitant loss of calcium spiking in the root hairs.5,9-11
Calcium spiking is one of the earliest plant responses to Nod factor
application. MsNORK and its orthologs, when mutated, result in
plants that are also unable to establish arbuscular mycorrhizal (AM)
associations (Myc-); fungal hyphae do not penetrate the epidermis, at
least in indeterminate-nodule forming legumes.12-14 In L. japonicus,
which develops determinate nodules, a parallel in the responses of
the Nod- mutants for nodulation is observed, but the mutant Myc
phenotypes differ from those seen for indeterminate-nodule forming
legumes such as Medicago sp., pea, and faba bean. For example,
depending on allele strength, the AM-fungi penetrate the epidermis
of Ljsymrk and Ljsym4 (also known as CASTOR),15 and several weeks
after inoculation, arbuscules, the phosphate-transferring structures
formed by the mycorrhizal fungus, differentiate.15-17 Besides the
Nod-Myc- mutants just described, other mutants show a Nod- and
Myc+ phenotype. These have been described in a number of recent
reviews,18-21 but will not be discussed here.
Our focus has been on Melilotus alba Desr. (white sweetclover),
which is used as a forage legume in many parts of the world and is also
the original plant source of Warfarin, a blood thinner.22 Although an
orthologous MaNORK gene has been identified by sequence similarity in M. alba,7 it is not known whether any of the previously
identified white sweetclover nonnodulating mutants are affected
in this gene. Five different complementation groups (MaSYM1-5)
were originally described for M. alba,23 and their nodulation and
mycorrhizal phenotypes have been reported.24,25 Masym2 exhibited
root hair curling (Hac+) and infection thread formation (Inf+) in
response to S. meliloti inoculation, and 25% of the time, ineffective
nodules developed; 5% of these plants were reported to develop
nitrogen-fixing nodules.24 The mycorrhizal phenotype was similar
to that of wild-type plants although it appeared that Masym2 roots
were more efficiently colonized than wild-type roots.25 Masym4
was also described as Hac+ and infection threads were initiated;
1% of the plants developed nitrogen-fixing nodules.24 Its mycorrhizal phenotype was not studied because it is not a prolific seed
producer. Masym1 and Masym5 mutants were reported to exhibit
marked root hair deformation (Had+), but were Hac- and Inf- in
response to inoculation with S. meliloti.24 Lum et al25showed that
these mutants, except for the BT62 mutant allele (Masym1), where
12% of the plants formed ineffective nodules,26 were Myc-. Masym3,
represented by BT61, BT69, and BT70 mutant alleles, was found to
be both Nod- and Myc-,24,25 thus closely resembling the phenotype
of Mtdmi1, Mtdmi2, and Mtdmi3, which are Nod-Myc- mutants of
M. truncatula.14
ENOD40 is a nodulin gene that is expressed within hours in
response to Rhizobium inoculation and has been correlated with
nodule development.27,28 ENOD40 transcripts have been detected
by in situ hybridization analysis in the dividing inner cortical cells,
the origin of the nodule primordium, and the meristem and the
infection zone of established indeterminate nodules,29,30 making
ENOD40 useful as a marker for assessing the progress of the
symbiosis. ENOD40 has been detected in a broad range of indeterminate-nodule forming legumes (pea, vetch, Medicago truncatula,
Trifolium repens), in determinate-nodule forming legumes (soybean,
lotus, Sesbania rostrata), and also in nonlegumes (tomato, rice). It is
also expressed in nonsymbiotic tissues such as root meristems, lateral
roots, and vascular bundles. In addition, it is upregulated by both
Nod factor and cytokinin,27,31 and in alfalfa roots that are colonized
34

MATERIALS AND METHODS
Plant material, bacterial strains and growth conditions. Wild-type
white sweetclover (Melilotus alba Desr.) U389 and four nonnodulating mutants were studied. Masym5 (BT71) is represented by a
single allele whereas four different mutant alleles exist for Masym1
and three for Masym3. The Masym1 mutant alleles resulted from EMS
mutagenesis, and in this report, we studied BT58 and BT62. For
Masym3, we analyzed two of the three mutant alleles: BT61, derived
from EMS mutagenesis, and BT70, derived from neutron radiation.23
We also examined the single Masym2 mutant allele (BT59), which
was generated by EMS mutagenesis and the single Masym4 (BT68)
mutant allele, which is neutron radiation generated.23
The seeds were surface-sterilized after scarification in full-strength
commercial bleach for up to 1 hour and then copiously rinsed
with sterile water. In some cases, they were placed in the cold for
vernalization. The sterilized seeds were placed onto water agar,
the plates covered with foil, and kept in the dark for three days.
Afterwards, three-day-old wild-type M. alba seedlings of U389
and the Masym mutants were transferred to sterilized square dishes
(Fisher Scientific International Inc., Hampton, NH) containing
1% Phytagar-solidified, one-quarter strength Hoagland’s medium
minus nitrogen (N),34 and subsequently spot- or flood-inoculated
with the wild-type controls, Sinorhizobium meliloti Rm1021 or
Rm1021 carrying gusA, constructed as described earlier.35 For
studies of root hair deformation, only the wild-type M. alba and the
Masym3 mutant, BT70, were examined. The roots were inoculated
with either Rm1021 or the mutant strains, a Nod- S. meliloti (SL44:
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was prehybridized for 2 hours at 42˚C in 50% (v/v) formamide, 5X
Denhardt’s solution, 5X SSPE, 0.5% SDS and subsequently hybridized overnight in the same solution. It was washed twice in 2X SSC,
0.5% SDS for 30 min, and then in 0.2X SSC, 0.5% SDS for 30 min
at 42˚C.
RNA isolation, northern blot analysis, and RT-PCR. For preparation of tissue for RNA extraction for northern analysis, sweetclover
seeds were scarified, surface-sterilized, and germinated in autoclaved
dishpans of perlite and vermiculite as described above. One-quarter
strength Hoagland’s medium deficient in N was used as the nutrient
solution. Five days after germination, sweetclover plants were
flood-inoculated with S. meliloti Rm1021.
Roots from the wild-type and mutant lines were collected before
inoculation (0 dpi; days post-inoculation), and 2 dpi, 5 dpi and
14 dpi. They were frozen immediately in liquid nitrogen and stored
at -80˚C until use. Total RNA was isolated using RNA STAT-60
(Tel-Test “B” Inc., Friendswood, Texas).
For northern blot analysis, 10 g of total RNA were subjected
to electrophoresis and transferred as previously described.27 A 630
bp (base-pair) 5' fragment of MaENOD40 was used as a probe
and hybridized as for Southern analysis. Loading was assessed by
ethidium bromide staining of the rRNA bands.
Plants used for reverse transcription-PCR were grown in autoclaved dishpans containing perlite and vermiculite, which was
watered with one-quarter strength Hoagland’s medium lacking N.
Sterilized seeds were planted in the dishpans, which were covered
with foil and placed at 4˚C for four days. After this vernalization
period, the foil-covered dishpans were moved to growth chambers at
27˚C with 16-hour light cycles. After two days, the foil was removed
and plants were incubated for 12 days before inoculation or application of 6-benzylaminopurine (BAP) at 10-6 M. This concentration
was previously shown to induce ENOD40 gene expression in alfalfa
roots to a level that is comparable to Rm1021-inoculated roots.31
Whole root systems were collected for RNA isolation 1 week after
inoculation or cytokinin treatment.
Reverse transcription-PCR analysis was performed using 1 g
total RNA as template for cDNA synthesis using 0.1 mM dNTPs,
1 M oligo-dT, 40 units of ribonuclease inhibitor, 0.02 mM DTT,
and 10 units Superscript II reverse transcriptase (GIBCO/BRL,
Grand Island, NY). Reactions were carried out in a MJ Research PTC
100 or 200 thermocycler incubated at 94˚C for 5 minutes, 48˚C for
60 minutes, and then heat-inactivated at 75˚C for 15 minutes. The
samples were then diluted and used as template for PCR amplification. Reactions were set up as follows: 1 M of each MaENOD40
primer (E40F: 5'-TCC TCT AAA CCA ATC CAT CAA-3'; and
E40R: 5'-ACT CAG CTG CAA ATT TAG TGA-3'), 0.2 mM
dNTPs, 2.5 mM MgCl2, and 1 unit of Eppendorf HotMaster Taq
DNA polymerase (Eppendorf, Westbury, NY) in 20 l total volume
were subjected to 22 cycles of thermocycling at 94˚C for 30 seconds,
55˚C for 30 seconds, and 68˚C for 90 seconds. MsC2740 was used as
a loading control (MsC27F: 5'- GGAGGTTGAGGGAAAGTGG-3'
and MsC27R: 5'-CACCAACAAAGAATTGAAGG-3'). The PCR
products were analyzed on an ethidium bromide-stained 1.0%
agarose gel and viewed under UV light. The experiment was repeated
at least twice, with the same results, using three biological replicates.
In situ hybridization. For whole mount in situ hybridizations,
intact roots from Rm1021- and Nod-/pTZS+-inoculated and uninoculated U389 and BT70 plants were fixed and dehydrated, and then
hybridized to sense and antisense probes.41 Probes were generated
from a MaENOD40 clone using the T3 and T7 RNA polymerase
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nodD1ABC) or a Nod-/pTZS+ strain, which is SL44 carrying the
trans-zeatin synthase gene of Agrobacterium tumefaciens.36
For the studies on rhizobial infection, seeds of U389, BT58,
BT59, BT61, BT70, BT68 and BT71 were germinated in autoclaved
dishpans containing a 1:4 mixture of perlite to vermiculite and
watered with one-quarter strength Hoagland’s medium minus N.
Roots and nodules were harvested two and three weeks after inoculation with a wild-type strain carrying GFP (RCR2011/pHC60)37 and
examined under light microscopy by epifluorescence or by confocal
scanning laser microscopy (CSLM). Prior to examination, the roots
were rinsed, mounted in depression slides, covered with 1% molten
agarose, and a cover slip was placed on the slide. Confocal images
were taken with a Zeiss LSM510 microscope using a 10x/0.3 objective lens with excitation at 488 nm to detect GFP-labeled bacteria,
and at 543 nm, which revealed root autofluorescence. The Zeiss
LSM510 imaging software was used to acquire and construct images.
A Zeiss Axiophot light microscope in conjunction with epifluorescence was used for observation of attached fluorescent rhizobia.
Roots inoculated with Rm1021/gusA were stained as previously
described35 and examined under bright field optics.
Root hair deformation assay. Wild-type M. alba (U389) and
Masym3 (BT70) seeds were surface-sterilized and planted on
Phytagar-solidified medium as described above. For some experiments,
Medicago sativa cv. Iroquois and the nonnodulating alfalfa mutant
MN1008 were also analyzed. Three-day-old wild-type M. alba lines
U389, Masym3, or the alfalfa seedlings were spot- or flood-inoculated
with either Rm1021 or the mutants. Roots were also mock-inoculated by adding water or the buffer used to suspend the rhizobial
strains, or left untreated. In some experiments, three-day-old seedlings
of U389 and BT70 were transferred to growth pouches watered
with 15 ml of one-quarter strength Hoagland’s medium lacking N.
The roots were flood-inoculated with either Rm1021 or the Nod-/
pTZS+ strain and the root hairs were examined at varying times after
inoculation for responsiveness to inoculation using a Zeiss Axiophot
microscope. Positive indicators of responsiveness included Has, Had,
Hac, and cortical cell divisions. Photographs were taken with Kodak
Ektachrome Tungsten 160 film and processed with Abode Photoshop
7.0. The root hair experiment was repeated three times with 10–15
roots per treatment per experiment.
Identification of MaENOD40. A genomic DNA library from
M. alba was screened using a [32P]-dCTP labeled alfalfa ENOD40
fragment.29 After three rounds of hybridization, positive plaques
were purified and their plasmids isolated according to standard
procedures.38 Due to the difficulty in subcloning the insert directly
from the lambda vector, the 5' region was obtained by PCR of
the genomic clone using the T3/T7 primer specific to the vector
and an ENOD40 specific primer: 5'-GAAACAGACTCTAGAAT
CAGCTGC-3', and subsequently cloned into the pCR®4-TOPO
cloning vector (Invitrogen, Carlsbad, CA). Because the clone from
the genomic library was truncated at the 3' end, the 3' region of the
gene was obtained by 3' RACE (Invitrogen, Carlsbad, CA) using
the ENOD40 specific primer 5'-GCAATGAAGC TCTTTGTTGG
CAAA-3' and the 3' gene racer primer supplied. Sequencing was
performed by using BIG DYE and an ABI automatic sequencer.
Southern blot analysis. Genomic DNA from M. alba leaves was
isolated as described by Dellaporta et al.39 Ten g of DNA were
digested with HindIII or BamHI and subjected to electrophoresis
on a 0.8% agarose gel. The DNA was denatured and transferred
to Nytran. A radiolabeled [32P]-dCTP probe was generated with a
580-bp MsENOD40 fragment as previously described.29 The blot
www.landesbioscience.com
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Based on the nodulation and mycorrhizal phenotypes described
earlier, Masym1-5 are positioned at the beginning of the indeterminate nodule developmental pathway.23-25 Moreover, Masym3 appears
to be blocked even before the stages of root hair branching and deformation, a phenotype similar to that of the M. truncatula dmi1, dmi2,
and dmi3 (doesn’t make infections)14 mutants. We confirmed this by a
detailed examination of the responses of Masym1-Masym5 following
inoculation with wild-type S. meliloti labeled with GFP or GUSA.
Previous studies had analyzed the root hair and nodulation/mycorrhization phenotypes, but had not described the root colonization or
the infection thread phenotypes in detail.24,25
We examined roots that had been inoculated 2–3 weeks previously. For the wild-type U389 M. alba, infection threads and bacterial
microcolonies were found on the outer surface, mostly on the nodules
(Fig. 1A), but also on roots (data not shown). For the two Masym3
mutant alleles examined (BT61 and BT70), neither demonstrated
any evidence of root hair curling, infection thread development, or
cortical cell divisions in response to Rm1021. However, the lack of
responsiveness to rhizobia did not appear to be due to diminished
colonization because GFP-labeled rhizobia were attached to the root
surface and hairs (Fig. 1B and C).
Masym5 forms ineffective nodules as described previously.24 The
small, undeveloped nodules were covered with highly deformed
root hairs and superficial bacterial microcolonies; no evidence was
observed for rhizobial entry either via infection threads or crack
entry (Fig. 1D and E). Masym1 showed a similar phenotype (Fig.
1F–H). The root hairs of this mutant were deformed and extensively
colonized (Fig. 1F), and infrequently, one or two small, ineffective
nodules were observed per root. The nodules were arrested at the
nodule primordium stage and were amyloplast-rich (arrow, Fig.
1G). Infection threads were rare; the few observed (arrows, Figs. 1F
and H) aborted within the root hair; this phenotype was not been
reported earlier.24
Bacteria-free, ineffective nodules developed on the roots of the
Masym2 mutant and the nodules were usually larger than the other
sym mutant nodules (Fig. 1J). For Masym2, infection threads were
detected within root hairs, but they aborted before exiting the
epidermis (Fig. 1I). In contrast, Masym4 roots were covered with
numerous aborted infection threads (Fig. 1K and L); this result has
also not been reported previously.24 For Masym4, a limited number
of cortical cell divisions were detected, but no well-developed nodule
primordia were observed under our experimental conditions (Fig. 1L).
Isolation of MaENOD40. ENOD40 serves as an excellent marker
for gene expression associated with legume nodule development,
and we previously found that this gene was not up-regulated after S.
meliloti inoculation in the alfalfa nonnodulating mutant MN1008,31
which is mutated in the MsNORK gene.7 Our early unpublished
experiments on white sweetclover, using an alfalfa ENOD40 probe29
in a slot blot assay, showed that at 0 dpi, all the white sweetclover
lines showed the same basal amount of ENOD40 gene expression
(data not shown). At later time points, an approximately two-fold
increase in ENOD40 expression in the wild-type line U389 was

o

RESULTS

observed compared to Masym1, Masym2, and Masym5, whereas the
Masym3 mutant showed the same basal level of ENOD40 expression
at all time points.
Because slot blots are not as sensitive as northern blot analysis,
we repeated the experiments, but with the homologous probe. We
obtained the sequence of a 752-bp region of MaENOD40, which
showed a high degree of identity to the alfalfa and pea ENOD40
genes (Fig. 2). There is 94% identity over 716 nt (nucleotides)
between the white sweetclover and alfalfa cv. Iroquois ENOD40
sequences and 93% identity over 700 nt between the sweetclover and
pea ENOD40 sequences. However, MsENOD40 and MaENOD40
also show some significant differences from PsENOD40. There are a
number of gaps, one major deletion (indicated by asterisks), and also
the MsENOD40 and MaENOD40 sequences are longer than the pea
ENOD40 sequence. The conserved regions 1 and 2 are highlighted
for all three ENOD40 sequences (Fig. 2).
Genomic Southern analysis was done using restriction sites, which
based on the sequence, cut inside (HindIII) or outside (BamHI)
the ENOD40 gene. The Southern blot showed that ENOD40 most
likely exists as a single copy gene in white sweetclover. The low stringency wash conditions used for the blot in Figure 3 showed several
faintly hybridizing bands and one strongly hybridizing band in the
BamHI-restricted DNA.
Analysis of MaENOD40 expression in the Masym mutants. We
next investigated whether ENOD40 gene expression was upregulated
in the M. alba sym mutants following inoculation with S. meliloti.
As expected, in wild-type (U389) plants, MaENOD40 induction
was detected at 2 dpi and transcripts continued to accumulate 5
and 14 dpi (Fig. 4). A similar result was observed for the Masym1,
Masym2, and Masym5 mutants following inoculation. However, the
overall level induction was less than what was observed at 5 dpi in
wild-type plants. This up-regulation could correlate with the cell
divisions that lead to ineffective nodules detected in these mutants.
At the final time point (14 dpi), MaENOD40 gene expression no
longer increased in the Masym1 and Masym2 mutant lines, whereas
there was a slight increase in the Masym5 mutant. However, none of
mutants exhibited the high level of expression observed in wild-type
roots 14 dpi.
In contrast, the Masym4 and the Masym3 mutants showed no
induction of MaENOD40. What appears to be an up-regulation
(BT61, 2 dpi) is due to overloading (see rRNA row, Fig. 4). The
RNA from the other Masym3 allele (BT70), which was equally
loaded, showed no increase in ENOD40 accumulation over the
0 dpi time point. A similar lack of response to S. meliloti inoculation
was found previously for the alfalfa nonnodulating mutant MN1008,
which is mutated in the NORK gene.31
Analysis of the Masym3 mutant in response to inoculation. We
next analyzed the symbiotic responses of BT70, which is a result of a
neutron radiation-induced mutation.23 BT70 and U389 roots were
spot- or flood-inoculated with Rm1021, the Nod-, or the Nod-/
pTZS+ strains, and examined after different times for root hair deformation and other responses to inoculation. At 6 hpi, there were no
obvious differences between the wild-type and Masym3 mutant roots
in response to any of the inocula. By 24 hpi, the wild-type U389
root hairs were extensively deformed after inoculation with Rm1021
(Fig. 5A) whereas the root hairs of the BT70 mutant exhibited a Has+
phenotype (Fig. 5B).25
When inoculated with the Nod-/pTZS+ strain, both the wild-type
and BT70 root hairs became deformed or swollen, respectively (Fig.
5C and D), but not as extensively as if inoculated with Rm1021.

.D

promoters labeled with digoxigenin with the DIG RNA-labeling kit
from Boehringer-Mannheimn (Ridgefield, Conn). Hybridizations
were carried out at 55˚C overnight. A minimum of five roots was
examined for each treatment and photographed as described in
Giordano et al.41
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Figure 1. Confocal (CSLM) and light microscopic (LM) images of Melilotus nodules. (A) The wild-type sweetclover line, U389, develops effective nodules.
Infection threads (ITs) carrying GFP-labeled rhizobia are evident in root hairs on the surface of the nodule. (B and C) Masym3 (BT61 and BT70) mutants
show no root hair curling or IT formation, but GFP-labeled rhizobia colonize the root surface and the root hair. (D and E) Masym5 (BT71). (D) CSLM of a
small, undeveloped nodule showing extensive colonization by GFP-labeled rhizobia. (E) LM of a Masym5 nodule. The root hairs are extremely deformed
(arrows), but no GUSA-labeled rhizobia entered the nodule. (F–H) Masym1 (BT58). (F) CSLM showing extensive colonization of the Masym1 root surface
and an aborted IT within the shepherd’s crook (arrow). (G) LM of an ineffective Masym1 nodule exhibiting root hair deformation and amyloplast accumulation (arrow), but no entry of GUSA-labeled rhizobia. (H) LM showing an aborted IT within a root hair. The arrow marks the end of the IT. The rhizobia were
labeled with GFP. (I and J) Masym2 (BT59). (I) CSLM illustrates that ITs abort before exiting the root hair. (J) Ineffective, bacteria-free nodule; no rhizobia have
entered the nodule. (K and L) Masym4 (BT68). CSLM showing numerous elongated but aborted ITs containing GFP-labeled rhizobia within the root hairs.
(L) A few cortical cell divisions form a “bump“ on a root of Masym4. No bacteria have been internalized; they remain within the IT. Bar, 100 m.
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on wild-type alfalfa, all the other treatments
yielded straight hairs (data not shown),
thereby confirming the previously reported
results.31
We next compared the difference in
root hair morphology between untreated
and mock-inoculated roots, to which was
applied either water or buffer used to
dilute the bacteria. Whereas uninoculated,
untreated root hairs remained straight and
elongated after 24 h (Fig. 5G and H),
the Masym3 root hairs showed a slight
Has+ response, which was similar to that
observed with the Nod- control (cf. Figs.
5J and F). The wild-type plant (U389)
did not exhibit a Has+ phenotype after
mock inoculation (Fig. 5I). This phenotype
in Nod- bacteria- and mock-inoculated
Masym3 roots (Fig. 5F and J), suggests that
a “touch response” occurred in response to
experimental handling. A similar response
has been observed for the nonnodulating
Medicago truncatula mutant, dmi2.42 The
same root hair phenotypes were observed at
48 hpi except that the Rm1021-inoculated
U389 root hairs were more deformed and
shepherd’s crooks were apparent (data not
shown).
Taken together, the data suggest that
although M. alba root hairs become swollen
upon experimental manipulation, both
wild-type and Masym3 root hairs show
an enhanced Has response over the other
treatments to Nod-/pTZS+ inoculation,
suggesting that cytokinin may act on root
hairs, although whether directly or indirectly cannot be ascertained at this time.
Nevertheless, the differences in root hair
responses are difficult to quantify, but they
were consistent from experiment to experiment. We next proceeded with an analysis
of ENOD40 gene expression in response to
cytokinin application in Masym3 roots.
Analysis of MaENOD40 transcripts
in the Masym3 mutant compared to
wild-type sweetclover. We utilized
reverse transcription-PCR to examine the
responsiveness of Masym3 roots to added
cytokinin. BAP-treated roots of both the
Figure 2. Alignment of nucleotide sequences of ENOD40 from white sweetclover, alfalfa and pea.
U389 wild-type and the Masym3 plants
Conserved regions I and II are boxed. Dots represent identical nucleotides and asterisks represent dele- demonstrated an increase in MaENOD40
46
tions. The pea sequence is from Matvienko et al., accession X81064, and the alfalfa cv. Iroquois
transcript accumulation over the -N and
sequence is from Asad et al.,29 accession L32806.
+N controls, demonstrating that Masym3
responds to exogenous application of this
When we examined roots inoculated with the Nod- control, hair phytohormone (Fig. 6). MaENOD40 RNA was detected in U389
swelling was also observed, but appeared to be reduced compared to roots inoculated with S. meliloti Rm1021, but not in Masym3 roots,
inoculation with the Nod-/pTZS+ strain (Fig. 5E and F). Because the confirming the lack of this mutant’s responsiveness to rhizobia.
Has response to Nod- rhizobia was an unexpected result, we tested Interestingly, the Nod-/pTZS+ strain did not induce MaENOD40
all three strains on alfalfa and its nonnodulating mutant MN1008. gene expression in either Masym3 or in U389 roots. Taken together,
Except for Rm1021, which elicited extensive root hair deformation these results indicate that Masym3 is blind to S. meliloti in terms
38
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DISCUSSION

Earlier we had examined the responses of the Nod- mutants of
M. alba (Masym1, Masym2, Masym3, and Masym5) following
inoculation with the mycorrhizal fungus Glomus intraradices. Two
mutant alleles of Masym1, all three mutant alleles of Masym3, and the
single mutant of Masym5 were found to be Myc-, although Masym2
exhibited a Myc+ phenotype, at times appearing to be better colonized by G. intraradices than the wild-type roots.25
In this study, we examined the root colonization, infection thread
formation, and nodulation phenotypes of the mutants in detail, and
found that in addition to Masym2 and Masym5 developing nodules,
Masym1 initiated a few small, ineffective nodules. This observation as
well as the enhanced infection thread phenotype for Masym4 had not
been reported previously. For Masym4, the infection type was earlier
reported to be similar to that of wild-type roots.24 However, using
CSLM, numerous threads were detected in root hairs of Masym4,
and all appeared to abort before entering the root cortex. In addition,
of the mutants that develop ineffective nodules, Masym4 was found
to undergo only a few cortical cell divisions in response to S. meliloti
inoculation. No elongate nodules were detected in our experiments.
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of early nodulin gene expression, but
responds to cytokinin if exogenously
applied.
In situ hybridization analysis is often
more sensitive than RT-PCR because
transcripts can be detected in just a
few cells. However, localization can be
variable due to the status of the root’s
growth under different experimental
conditions. Earlier, we showed that
a limited number of recently divided
cells in the MN1008 mutant roots
contained ENOD40 mRNAs following
BAP treatment or inoculation with
the Nod-/pTZS+ strain.31 In contrast
to alfalfa, however, the Nod-/pTZS+
strain did not elicit cell divisions on
the wild-type sweetclover Masym3 line
(data not shown). Hence, it was difficult
to predict whether or not there would
be a detectable increase in ENOD40
mRNAs in a specific region of the
Masym3 root after cytokinin addition.
In wild-type white sweetclover
roots inoculated 4 dpi with Rm1021,
ENOD40 transcripts accumulate in the main root apical meristem
and the adjacent elongation zone (Fig. 7A), in young lateral roots,
and frequently in the vasculature.41 Masym3 roots shows a very
similar spatial pattern of MaENOD40 transcript accumulation
when grown in one-quarter strength Hoagland’s N-supplemented
medium (Fig. 7D) and in roots grown in -N medium, inoculated
with Rm1021, and examined 4 dpi (Fig. 7E). Very little difference in
transcript levels, based on color intensity, is detected among the three
treatments, suggesting that this is the basal level of MaENOD40
expression at this time point in a single root tip.
By contrast, an increase in MaENOD40 transcript accumulation
was detected in Rm1021-inoculated U389 roots in the RT-PCR
experiments (cf. Figs. 6 and 7A), which was not observed in the
WISH experiments. The discrepancy between the WISH and
RT-PCR results may be due to the fact that ENOD40 expression is
also detected in sites of nodule initiation, which were evident 4 dpi
(Fig. 7B). These sites were included in the source tissue for the RNA

for the RT-PCR experiment. Hence, the augmented ENOD40 gene
expression observed in Figure 6 in the Rm1021 lane for U389 most
likely resulted from the combined transcript accumulation of roots
and nodule primordia. Nodules developed on the wild-type roots two
weeks post-inoculation and exhibited the typical ENOD40 transcript
localization: in the nodule meristem (zone I) and adjacent infection
zone (zone II) (Fig. 7C).
The increase in MaENOD40 transcripts in Masym3 roots that
was evident in the BAP-treated roots using RT-PCR was difficult to
validate by WISH analysis. However, an increase in signal intensity
in the root meristem as well as the extension of color into the elongation and young root hair zones of both the wild-type and Masym3
BAP-treated roots were observed in many roots (Fig. 7G and H).
Moreover, BAP treatment enhanced lateral root production for
both the mutant and wild-type roots, and lateral roots are known to
accumulate ENOD40 transcripts.41 By contrast, when the Masym3
roots were inoculated with the Nod-/pTZS+ strain, MaENOD40
transcripts were detected at basal levels (cf. Fig. 7F and A).
The controls (N-starved root and sense probe) are depicted in
(Fig. 7I and J). The reduced expression in the Masym3 root that
was starved for nitrogen for one week was consistently observed in
the WISH experiments (Fig. 7I), as was a concomitant reduction in
root growth and lateral root expansion (data not shown). A similar
reduction in signal was seen in the sense control, with color mostly
appearing in the root cap (Fig. 7J).

.D

Figure 3. Southern blot of MaENOD40.
Genomic DNA was digested with the
enzymes indicated.

Figure 4. Northern blot analysis of MaENOD40. The five Masym mutants were assessed for the expression of ENOD40 in response to S. meliloti at 0, 2,
5 and 14 dpi. The bottom row shows the ribosomal RNA bands and is included as a loading control.
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Figure 6. Reverse transcription-PCR of MaEnod40. Wild-type (U389)
or Masym3 root samples under conditions of nitrogen-starvation (-N),
nitrogen-supplementation (+N), cytokinin-treatment (10-6 M BAP), and
following inoculation with wild-type S. meliloti strain (Rm1021) or a
Nod-pTZS+ Rhizobium. MsC27 was used as an internal control.
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response” as described for the Mtdmi2 mutant.42 Mtdmi2 is mutated
in the NORK/SYMRK gene, and like Masym3, is Nod-Myc-.14
Using RT-PCR, we detected no elevation in MaENOD40
transcript accumulation in Rm1021- or Nod-/pTZS+-inoculated
Masym3 roots, a result expected based on our previous results
with alfalfa.31 Only a basal level of transcripts was detected in the
Rm1021-inoculated Masym3 roots and the Nod-/pTZS+-inoculated
wild-type roots. This was confirmed by WISH analysis of individual
roots. However, the addition of 10-6 M BAP to Masym3 roots was
correlated with an accumulation of MaENOD40 transcripts that was
comparable to that of wild-type roots based on the RT-PCR experiments and strongly suggested by the WISH analysis. This result
indicates that the downstream regulatory elements are intact in the
Masym3 mutant such that early genes of the nodulation pathway
(ENOD40) can be up-regulated. It further suggests that the Masym3
gene encodes a protein that is upstream of triggering early nodulin
gene expression. Like Mtdmi2, we observed in Masym3 only a Has+
phenotype in response to S. meliloti inoculation.
These findings indicate that exogenous cytokinin bypasses the
Figure 5. Responses of U389 and Masym3 root hairs 24 hpi to Rm1021 defect in Nod factor perception in Masym3 by eliciting ENOD40
(A and B), to a Nod-pTZS+ strain (C and D), to a Nod- strain (E and F), to no gene expression as it did for the alfalfa Nod-Myc- mutant, MN1008.
inoculation (G and H), and to mock-inoculation 48 hpi (I and J). The arrows Furthermore, similar to MN1008, inoculation with a Nod-/pTZS+
point to deformed or swollen root hairs. Bar, 100 m.
strain did not induce MaENOD40 gene expression beyond the
constitutive level, but adding BAP exogenously to root systems
To differentiate among Masym1, Masym3, and Masym5 further, augmented ENOD40 transcript accumulation. Nonetheless, alfalfa
we used northern blot analysis after inoculating the mutants and white sweetclover are not completely identical in their responses.
with wild-type S. meliloti. The early nodulin gene, ENOD40 was Cooper and Long36 showed that the Nod-/pTZS+ strain induced
employed as a marker because it is expressed early in the interac- small, aborted nodules that expressed ENOD2 on wild-type alfalfa
tion with rhizobia. In contrast to Masym1, Masym2, and Masym5 roots, and we detected a few cell divisions in MN1008 roots after a
mutants, we found that ENOD40 was not up-regulated following prolonged incubation (27 days).31 However, no cell divisions other
inoculation over the basal levels in the Masym3 mutant, thus placing than those for lateral root initiation were detected in either the
this mutant upstream of the other three in a nodule developmental U389 or Masym3 roots although root hairs deformed or swelled in
response to inoculation with the Nod-/pTZS+ strain. In contrast, the
pathway.
We next tested Masym3 by inoculating it with the Nod-/pTZS+ Nod-/pTZS+ strain did not elicit root hair branching or deformation
strain, which is reported to synthesize cytokinin.36 Our previous on alfalfa,31 and we confirmed this response. These and our earlier
studies with the nonnodulating alfalfa mutant MN1008 showed that reported results point to the significance of cytokinin in the nodule
its root hairs were unresponsive to this strain.31 In M. alba, extensive development pathway. Recent publications reinforce this conclusion
root hair swelling (Has) was evident 24 hpi compared to uninocu- by showing that signaling through a cytokinin receptor triggers the
lated roots strongly suggesting that Masym3 root hairs responded to cell divisions required for nodule organogenesis.43-45
We do not know the calcium spiking phenotype of the Melilotus
this bacterial strain in contrast to our previous results showing that
the root hairs of the alfalfa mutant were unresponsive. However, we Masym3 mutants. Thus, we do not know exactly where they are
also found that Nod- bacteria- and mock-inoculated Masym3 root blocked in the nodule signal transduction pathway relative to the
hair tips were swollen, albeit less so than root hairs inoculated with model legumes, Medicago truncatula and Lotus japonicus. Based on
the Nod-/pTZS+ strain. Wild-type root hairs responded less than the similar nodulation and mycorrhizal phenotypes, and response of
mutant root hairs, suggesting that Masym3 might be showing a “touch ENOD40 gene expression to exogenous BAP, Masym3 resembles the
40
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Figure 7. WISH of M. alba
roots treated for four days (or
two weeks) under the conditions
noted. MaENOD40 transcripts
are depicted by the blue color.
Unless indicated otherwise, all
the illustrations are of lateral
roots and the bar is 20 m. (A)
U389 root grown in -N medium
and inoculated with Rm1021.
Signal is in the root tip (arrow)
and vascular bundle. (B) Nodule
primordium (arrow) on root inoculated with S. meliloti Rm1021.
Bar, 5 m. (C) U389 nodule 2
weeks post-inoculation. ENOD40
is expressed in zones I and II of
the nodule, which was cleared
with 10% bleach to make the
blue color more obvious. Bar,
10 m. (D) Masym3 root grown
in +N medium. (E) Masym3 root
grown in -N medium and inoculated with Rm1021. (F) Masym3
root grown in -N medium and
inoculated with Nod-pTZS+. (G)
U389 incubated with 10-6 M
BAP. (H) Masym3 incubated with
10-6 M BAP. (I) Masym3 root
grown in a N-deficient medium.
(F) Sense control. The blue color
is in the root cap.
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alfalfa MN1008 mutant, which is mutated in NORK; the comparable mutant in M. truncatula is dmi2. Also, Masym3 shows a root
hair deformation phenotype in response to experimental manipulation as does Mtdmi2.42 We are investigating the possibility that
MtDMI2 and MaSYM3 are orthologous by cloning and sequencing
a NORK gene homolog from Masym3.

©
20

07

La

1. Caetano-Anolles G, Crist-Estes DK, Bauer WD. Chemotaxis of Rhizobium meliloti to the
plant flavone luteolin requires functional nodulation genes. J Bacteriol 1988; 170:3164-9.
2. Peters NK, Frost JW, Long SR. A plant flavone, luteolin, induces expression of Rhizobium
meliloti nodulation genes. Science 1986; 233:977-80.
3. Long SR. Rhizobium symbiosis: Nod factors in perspective. Plant Cell 1996; 8:1885-1898.
4. Perret X, Staehelin C, Broughton WJ. Molecular basis of symbiotic promiscuity. Microbiol
Mol Biol Rev 2000; 64:180-201.
5. Ehrhardt DW, Wais R, Long SR. Calcium spiking in plant root hairs responding to
Rhizobium nodulation signals. Cell 1996; 85:673-81.
6. Lerouge P, Roche P, Faucher C, Maillet F, Truchet G, Promé JC, Dénarié J. Symbiotic
host-specificity of Rhizobium meliloti is determined by a sulfated and acylated glucosamine
oligosaccharide signal. Nature 1990; 344:781-4.
7. Endre G, Kereszt A, Kevei Z, Mihacea S, Kalo P, Kiss GB. A receptor kinase gene regulating
symbiotic nodule development. Nature 2002; 417:962-6.
8. Stracke S, Kistner C, Yoshida S, Mulder L, Sato S, Kaneko T, Tabata S, Sandal N, Stougaard
J, Szczyglowski K, Parniske M. A plant receptor-like kinase required for both bacterial and
fungal symbiosis. Nature 2002; 417:959-62.
9. Wais RJ, Galera C, Oldroyd G, Catoira R, Penmetsa RV, Cook D, Gough C, Dénarié J,
Long SR. Genetic analysis of calcium spiking responses in nodulation mutants of Medicago
truncatula. Proc Nat Acad Sci USA 2000; 97:13407-12.
10. Walker SA, Viprey V, Downie JA. Dissection of nodulation signaling using pea mutants
defective for calcium spiking induced by Nod factors and chitin oligomers. Proc Nat Acad
Sci USA 2000; 97:13413-8.

www.landesbioscience.com

11. Harris JM, Wais R, Long SR. Rhizobium-induced calcium spiking in Lotus japonicus. Mol
Plant-Microbe Inter 2003; 16:335-41.
12. Bradbury SM, Peterson RL, Bowley SR. Interaction between three alfalfa nodulation genotypes and two Glomus species. New Phytol 1991; 119:115-20.
13. Duc G, Trouvelot A, Gianinazzi-Pearson V, Gianinazzi S. First report of nonmycorrhizal
plant mutants (Myc-) obtained in pea (Pisum sativum L.) and fababean (Vicia faba L.). Plant
Sci 1989; 60:215-22.
14. Catoira R, Galera C, de Billy F, Penmetsa RV, Journet EP, Maillet F, Rosenberg C, Cook D,
Gough C, Dénarié J. Four genes of Medicago truncatula controlling components of a Nod
factor transduction pathway. Plant Cell 2000; 12:1647-65.
15. Kirstner C, Winzer T, Pitzschke A, Mulder L, Sato S, Kaneko T, Tabata S, Sandal N,
Stougaard J, Webb KJ, Szczyglowski K, Parniske M. Seven Lotus japonicus genes required
for transcriptional reprogramming of the root during fungal and bacterial symbiosis. Plant
Cell 2005; 17:2217-29.
16. Bonfante P, Genre A, Faccio A, Martini I, Schauser L, Stougaard J, Webb J, Parniske M.
The Lotus japonicus LjSym4 gene is required for the successful symbiotic infection of root
epidermal cells. Mol Plant-Microbe Inter 2000; 13:1109-20.
17. Demchenko D, Winzer T, Stougaard J, Parniske M, Pawlowski K. Distinct roles of Lotus
japonicus SYMRK and SYM15 in root colonization and arbuscule formation. New Phytol
2004; 163:381-91.
18. Oldroyd GED, Downie JA. Calcium, kinases and nodulation signalling in legumes. Nat Rev
Mol Cell Biol 2004; 5:566-76.
19. Geurts R, Federova E, Bisseling T. Nod factor signaling genes and their function in the early
stages of Rhizobium infection. Curr Opin Plant Biol 2005; 8:346-52.
20. Stacey G, Libault M, Brechenmacher L, Wan J, May GD. Genetics and functional genomics
of legume nodulation. Curr Opin Plant Biol 2006; 9:110-21.
21. Lee A, Hirsch AM. Signals and responses: Choreographing the complex interaction between
legumes and alpha- and beta-rhizobia. Plant Signal Behav 2006; 1:161-8.
22. Hirsch AM, Lum MR, Krupp RSN, Yang W, Karlowski WM. Melilotus alba Desr., white
sweetclover, a mellifluous model legume. In: Triplett EW, ed. Prokaryotic Nitrogen Fixation:
A Model System for the Analysis of a Biological Process. Wymondham, Norfolk, England:
Horizon Scientific Press, 2000:627-42.

Plant Signaling & Behavior

41

di
st
ri
b
no
t
o
.D

©
20

07

La

nd

es

B

io

sc

ie

nc
e

23. Miller JE, Viands DR, LaRue TA. Inheritance of nonnodulating mutants of sweetclover.
Crop Sci 1991; 31:948-52.
24. Utrup LJ, Cary AJ, Norris JH. Five nodulation mutants of white sweetclover (Melilotus alba
Desr.) exhibit distinct phenotypes blocked at root hair curling, infection thread development, and nodule organogenesis. Plant Physiol 1993; 103:925-32.
25. Lum MR, Li Y, LaRue TA, David-Schwartz R, Kapulnik Y, Hirsch AM. Investigation of
four classes of nonnodulating white sweetclover (Melilotus alba annua Desr.) mutants and
their responses to arbuscular-mycorrhizal fungi. Integ Comp Biol 2002; 42:295-303.
26. Wu C, Dickstein R, Cary AJ, Norris JH. The auxin transport inhibitor
N-(1-naphthyl)phthalamic acid elicits pseudonodules on nonnodulating mutants of white
sweetclover. Plant Physiol 1996; 110:501-10.
27. Fang Y, Hirsch AM. Studying early nodulin gene ENOD40 expression and induction by
nodulation factor and cytokinin in transgenic alfalfa. Plant Physiol 1998; 116:53-68.
28. Charon C, Sousa C, Crespi M, Kondorosi A. Alteration of enod40 expression modified
Medicago truncatula root nodule development induced by Sinorhizobium meliloti. Plant Cell
1999; 11:1953-65.
29. Asad S, Fang Y, Wycoff KL, Hirsch AM. Isolation and characterization of cDNA and
genomic clones of MsENOD40; transcripts are detected in meristematic cells. Protoplasma
1994; 183:10-23.
30. Crespi MD, Jurkevitch E, Poiret M, d’Aubenton-Carafa Y, Petrovics G, Kondorosi E,
Kondorosi A. Enod40, a gene expressed during nodule organogenesis, codes for a nontranslatable RNA involved in plant growth. EMBO J 1994; 13:5099-112.
31. Hirsch AM, Fang Y, Asad S, Kapulnik Y. The role of phytohormones in plant-microbe
symbioses. Plant and Soil 1997; 194:171-84.
32. van Rhijn P, Fang Y, Galili S, Shaul O, Atzmon N, Wininger S, Eshed Y, Lum M, Li Y,
To V, Fujishige N, Kapulnik Y, Hirsch AM. Expression of early nodulin genes in alfalfa
mycorrhizae indicates that signal transduction pathways used in forming arbuscular mycorrhizae and Rhizobium-induced nodules may be conserved. Proc Nat Acad Sci USA 1997;
94:5467-72.
33. Kumagi H, Kinoshita E, Ridge RW, Kouchi H. RNAi knockdown of ENOD40s leads to
significant suppression of nodule formation in Lotus japonicus. Plant Cell Physiol 2006;
47:1102-11.
34. Machlis L, Torrey JG. In: Plants in Action. W.H. Freeman. New York: A Laboratory Manual
of Plant Physiology, 1956:44.
35. van Rhijn P, Fujishige NA, Lim PO, Hirsch AM. Sugar-binding activity of pea lectin
enhances heterologous infection of transgenic alfalfa plants by Rhizobium leguminosarum
biovar viciae. Plant Physiol 2001; 126:133-44.
36. Cooper JB, Long SR. Morphogenetic rescue of Rhizobium meliloti nodulation mutants by
trans-zeatin secretion. Plant Cell 1994; 6:215-25.
37. Fujishige NA, Kapadia NN, De Hoff PL, Hirsch AM. Investigations of Rhizobium biofilm
formation. FEMS Microbiol Ecol 2006; 56:195-205.
38. Sambrook H, Russell DW. Molecular Cloning: A Laboratory Manual. 3rd Ed. Cold Spring
Harbor Laboratory Press, 2001.
39. Dellaporta SL, Wood J, Hicks JB. A plant DNA minipreparation: Version II. Plant Mol Biol
Report 1983; 1:19-21.
40. Kapros T, Bogre L, Nemeth K, Bako L, Györgyey J, Wu SC, Dudits D. Differential expression of histone H3 gene variants during cell cycle and somatic embryogenesis in alfalfa. Plant
Physiol 1992; 98:621-5.
41. Giordano W, Lum MR, Hirsch AM. Effects of a Nod-factor overproducing strain of
Sinorhizobium meliloti on the expression of the ENOD40 gene in Melilotus alba. Can J Bot
2002; 80:907-15.
42. Esseling JJ, Lhuissier FGP, Emons AMC. A nonsymbiotic root hair tip growth phenotype in
NORK-mutated legumes: Implications for Nodulation factor-induced signaling and formation of a multifaceted root hair pocket for bacteria. Plant Cell 2004; 16:833-944.
43. Gonzalez-Rizzo S, Crespi M, Frugier F. The Medicago truncatula CRE1 cytokinin receptor regulates lateral root development and early symbiotic interaction with Sinorhizobium
meliloti. Plant Cell 2006; 18:1680-93.
44. Murray JD, Karas BJ, Sato S, Tabata S, Amyot L, Szczyglowski K. A cytokinin perception
mutant colonized by Rhizobium in the absence of nodule organogenesis. Science 2007;
315:101-4.
45. Tirichine L, Sandal N, Madsen LH, Radutoiu S, Albrektsen AS, Sato S, Asamizu E, Tabata
S, Stougaard J. A gain-of-function mutation in a cytokinin receptor triggers spontaneous
root nodule organogenesis. Science 2007; 315:104-7.
46. Matvienko M, Van de Sande K, Yang WC, van Kammen A, Bisseling T, Franssen H.
Comparison of soybean and pea ENOD40 cDNA clones representing genes expressed during both early and late stages of nodule development. Plant Mol Biol 1994; 26:487-93.

ut
e.

Cytokinin Triggers ENOD40 Expression in Melilotus

42

Plant Signaling & Behavior

2007; Vol. 2 Issue 1

